]) and air temperature associated with future climate change are expected to affect crop development, crop yield, and, consequently, global food supplies. They are also likely to change agricultural production practices, especially those related to agricultural water management and sowing date. The magnitude of these changes and their implications to local production systems are mostly unknown. The objectives of this study were to: (i) simulate the effect of projected climate change on spring wheat (Triticum aestivum L. cv. Lang) yield and water use for the subtropical environment of the Darling Downs, Queensland, Australia; and (ii) investigate the impact of changing sowing date, as an adaptation strategy to future climate change scenarios, on wheat yield and water use. The multimodel climate projections from the IPCC Coupled Model Intercomparison Project (CMIP3) for the period 2030-2070 were used in this study. Climate scenarios included combinations of four changes in air temperature (08C, 18C, 28C, and 38C), three [CO 2 ] levels (380 ppm, 500 ppm, and 600 ppm), and three changes in rainfall (-30%, 0%, and +20%), which were superimposed on observed station data. Crop management scenarios included a combination of six sowing dates (1 May, 10 May, 20 May, 1 June, 10 June, and 20 June) and three irrigation regimes (no irrigation (NI), deficit irrigation (DI), and full irrigation (FI)). Simulations were performed with the model DSSAT 4.5, using 50 years of daily weather data. We found that: (1) grain yield and water-use efficiency (yield/evapotranspiration) increased linearly with [CO 2 ]; (2) increases in [CO 2 ] had minimal impact on evapotranspiration; (3) yield increased with increasing temperature for the irrigated scenarios (DI and FI), but decreased for the NI scenario; (4) yield increased with earlier sowing dates; and (5) changes in rainfall had a small impact on yield for DI and FI, but a high impact for the NI scenario.
Introduction
Global population growth is putting increasing pressure on agriculture to produce more food on less arable land while maintaining productivity and profitability and ensuring environmental sustainability (Rosenzweig and Hillel 1998) . Changes in atmospheric carbon dioxide concentration ([CO 2 ]), air temperature, and seasonal rainfall patterns are expected to affect crop production worldwide (Ludwig and Asseng 2006; Tubiello et al. 2007) . Increases in temperature make the development of the plants faster, so they reach maturity sooner (Ritchie and NeSmith 1991) . In cooler regions, where planting dates cannot be anticipated because of lower temperatures, too much higher temperature between anthesis and maturity will cause the time to senescence to shorten. An increased demand for water in response to higher transpiration rate is also expected Reyenga et al. 1999) . On the other hand, higher [CO 2 ] may reduce transpiration in some crops by lowering stomatal conductance (Tubiello et al. 2000) . Projected changes in rainfall patterns might positively or negatively affect crop production. In arid areas, production is likely to increase with additional rainfall, while in humid areas, more rainfall would mean either no significant change in production, or a decrease due to waterlogging, increased leaching of soil nitrogen, and increased greenhouse gas emissions (Ludwig and Asseng 2006; Grace et al. 2011) . In irrigated agriculture, climate change scenarios are likely to affect the availability and demand for water. Irrigated agriculture occupies only one-fifth of the global cropped area but produces about two-fifths of the food supply. It is important to protect such areas in order to meet the growing demand for food. However, it is not clear whether there will be enough water in the future to meet such demand (Payero et al. 2009 ).
The effects of high [CO 2 ] on crop yield have been studied in open-field experiments, such as free-air carbon dioxide enrichment (FACE) experiments, and in experiments with open-top chambers (Kimball et al. 1997 (Kimball et al. , 2002 Ewert et al. 1999; Tubiello et al. 1999) . However, the influence of future climate change on the soil-plant-atmosphere system, its productivity, and its agronomic management options is difficult to predict and to quantify with field experiments alone. Therefore, process-oriented crop growth models can be useful in simulating the impact of climate change on daily crop growth and development rates throughout the growing season (Keating et al. 2003; Basso et al. 2011; Grace et al. 2011) . The strength of these models is their ability to integrate the effects of temporal and multiple stresses on crop growth under different environmental and management conditions (Hammer and Muchow 1994; Batchelor et al. 2002; Basso et al. 2007 ). Many of these models have been tested using data from the FACE experiments, concentrating on the effects of high [CO 2 ] on crop production (Grant et al. 1995; Jamieson et al. 2000; Boote et al. 2011) .
Crop simulation models have been applied to provide answers to practical production questions. For example, Ludwig and Asseng (2006) found that interactions between [CO 2 ], temperature, and rainfall were not linear and their effects on wheat yields varied with soil type and geographical locations. Simulations in subtropical south-east Queensland have shown that the effects of climate change on the production of prime hard wheat would cause reduction in grain protein under increased [CO 2 ] with an increase in the incidence of 'heat shock' (Reyenga et al. 1999) . Similar results were found in South Australia for rainfed wheat (Luo et al. 2003) . Crop simulation models have also been used to investigate the effects of wheat sowing dates as an adaptation strategy to climate change (Ghaffari et al. 2002) . Tubiello et al. (2000) studied the effects of climate change on crop rotations in both irrigated and rainfed systems. They found that climate change would negatively affect crop yield unless current agronomic practices are modified, and the only cropping systems that would be able to adapt to climate change are the ones with irrigation, but they would still be dependent on irrigation water availability (Tubiello et al. 2000) .
In Australia, agriculture is the major consumer of water, and the state of Queensland uses 2058 GL year -1 . In south-east Queensland, 78 700 ha of irrigated land is dedicated to grain cereals (Australian Bureau of Statistics 2009). Jones (2000) used probability distributions to quantify the effects of climate change on irrigation requirements in southern Australia, finding that in the next 50 years, 20-60% more irrigation water will be needed compared with current use. Future impacts of climate change and the interaction between changes in [CO 2 ], temperature, and rainfall are expected to be felt in irrigated agriculture, but the impacts cannot be directly measured (Ludwig and Asseng 2006) . Use of simulation models to determine potential impacts of predicted climate change scenarios on irrigated systems will provide information for growers and regional water management bodies to put in place suitable strategies to accommodate changes in crop management and irrigation practices. General predictions of climate change scenarios have been formulated at the global scale by the Intergovernmental Panel for Climate Change (IPCC 2007a), and predictions have been made for some regions. The global climate projections of the IPCC are based on a fixed set of realistic greenhouse gas emission scenarios. The multi-model consensus is that there will be an increase in atmospheric [CO 2 ] and in surface air temperature, although the exact magnitudes of such increases are less certain (IPCC 2007b) . Information is still lacking on the nature and magnitude of the impact of potential climate change scenarios at the local level and on the best strategies and crop management practices to put in place to effectively adapt to these changes. The objectives of this study were to: (1) simulate the effect of projected climate change on wheat yield and water use for the subtropical environment of the Darling Downs, Queensland; and (2) investigate the impact of changing sowing date, as an adaptation strategy to future climate change scenarios, on wheat yield and water use.
Materials and methods

Crop growth model
Simulations for different climate change and crop management scenarios (described below) were performed using DSSAT 4.5 (Decision Support Systems for Agrotechnology Transfer) (Hoogenboom et al. 2010) , which uses the CERES crop model for wheat (Ritchie and Otter-Nacke 1985) and subsequent evaluation at different irrigation levels, rather than using several sites or several years but without irrigation treatments. We first used plots with no water and no nitrogen (N) stresses, testing the model under maximum potential conditions. Subsequently, we used another three treatments (termed T60, T70, T85%; see details below), which represent treatments with increasingly lower irrigation amount (T85%). These treatments (Isbell 1996) . Soil properties for the site, used as input to the model, are shown in Table 1 . From this information, soil water limits needed by the model were calculated using the procedure suggested by Ritchie et al. (1999) .
The field experiment used a randomised complete block design with four irrigation treatments and three replications, with optimal N fertiliser inputs (200 kg N ha -1 ). The field experiment had one fully irrigated and three deficit-irrigated treatments. The four irrigation treatments (T50%, T60%, T70%, and T85%) when 50, 60, 70, or 85%, respectively, of the plant-available soil water content was depleted. The fully irrigated treatment (T50%) received 197 mm of irrigation split in six applications; the first deficit-irrigated (T60%) treatment received 154 mm in six applications; the second deficit-irrigated treatment (T70%) received 79 mm in four applications; and the third deficit-irrigated treatment (T85%) received 73 mm in three applications. Irrigations were scheduled based on weekly measurements of soil profile water content (at depth increments of 0.10 m) using the neutron probe method (Dasberg and Dalton 1985) . Irrigation was applied using a solid-set sprinkler system. The crop was sown on 6 June and harvested on 10 November 2008.
Model calibration, evaluation, and simulation of different climate change and crop management scenarios were conducted using daily weather data recorded at ), maximum and minimum air temperature (8C), and rainfall (mm day -1
). The cultivar-specific genetic coefficients were obtained by calibrating the model using the T50% treatment, with measurements of developmental stages, harvested grain yield, crop biomass, soil water content, unit grain weight, and grain N.
The model was evaluated against measured biomass and grain yield of the deficit-irrigated treatments using the root mean square error (RMSE):
where y i is measured value,ŷ i is simulated value, and n is number of pairs of measured and simulated values. . Evaluation of (a) wheat biomass at anthesis, and (b) final grain yield for the T60%, T70%, and T85% treatments (irrigation applied when 60%, 70%, and 85% of the plant-available water was depleted, respectively) in 2008 at Kingsthorpe, Queensland, using the CERES-Wheat model in DSSAT 4.5.
Model outputs relevant to this study were grain yield (GY, kg ha -1 ), evapotranspiration (ET, mm), biomass, days to maturity and to anthesis (after sowing), and 'stress days.' The model calculated two different effects of water stress, one affecting expansive growth and the other affecting growth and biomass production. First, the model compared the potential transpiration and potential root water uptake. When plants were well irrigated, potential root water uptake was higher than potential transpiration. As the soil water was depleted, potential root water uptake decreased until the first threshold that modulated expansive growth was met. As the soil continued to dry to the point where potential transpiration was higher than potential root water uptake, the second threshold that affected crop growth and biomass production was met . In this study, 'stress days' represented the number of days when this second threshold was met. From the simulated GY and ET, water-use efficiency (WUE, kg ha -1 mm -1 ) was calculated as:
Simulation scenarios
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The variables (temperature, [CO 2 ], rainfall, sowing dates, and irrigation regime) used for building the simulation scenarios are described in Table 2 . Simulations for the three irrigation regimes were conducted based on several assumptions. For the no irrigation (NI) regime, no irrigation was applied. For the deficit-irrigation (DI) regime, 25 mm was applied at sowing, 22 mm at first node, 51 mm around the third-node stage, 13 mm at first awn, and two irrigations (39 and 34 mm) just before anthesis. For the full-irrigation (FI) regime, irrigation was applied using the 'Automatic when required' option of DSSAT 4.5, which applied irrigation when 50% of available soil water in the crop root-zone was depleted.
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Results
Monthly long-term averages of rainfall and maximum and minimum air temperatures are shown in Fig. 1 . Results of model calibration are shown in Fig. 2 and Table 3 . Emergence date was simulated 4 days earlier than the measured one. Anthesis date was well simulated, while the maturity date was simulated 1 day later. Grain yield simulation was 222 kg ha -1 lower than the measured one. Grain N difference between simulated and measured was 0.35% (Table 3) , and crop biomass was well simulated as shown in Fig. 2 . Results of model evaluation are shown in Fig. 3a, b . There was good agreement between simulated and measured biomass at anthesis (Fig. 3a) , with a RMSE of 277 kg ha -1
. Grain yield was well simulated for the three irrigation treatments, with an overall RMSE of 296 kg ha -1 . The effects of temperature, rainfall, and [CO 2 ] on yield, plant transpiration, and soil evaporation for the six sowing dates and three irrigation regimes are shown in Tables 4-9. Overall, GY increased from NI to FI for all sowing dates and all of the different temperature, rainfall, and [CO 2 ] combinations. Grain yield decreased from the first to the last sowing date (Tables 4-9 ). Stress days increased from the first to the last sowing date, with a minimum of one stress day in May to a maximum of eight in June.
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for the FI scenario. The highest GY increase was simulated for the NI scenario and the lowest for the FI scenario (Fig. 4a) . On the other hand, ET decreased slightly with an increase in [CO 2 ], from 430 to 424 mm for the DI scenario and from 528 to 499 mm for the FI scenarios, but increased slightly from 285 to 287 mm for the NI scenario (Fig. 4b) . However, these simulated changes in ET with an increase in [CO 2 ], especially for the DI (6 mm) and NI (2 mm) scenarios, are so small that in practical terms it can be assumed that no significant change in ET actually occurred. The difference for the FI scenario was 29 mm, which is more significant, representing 5.5% of the ET under the current [CO 2 ] scenario.
Grain yield increased almost linearly with ET for each [CO 2 ], with higher yields corresponding to higher [CO 2 ] (Fig. 5a ). The slope of the line in Fig. 5a increased with [CO 2 ] from 8.8 kg ha -1 mm -1 at 380 ppm to 11.1 kg ha -1 mm -1 at 600 ppm. The WUE for each irrigation scenario increased linearly with [CO 2 ], and scenarios with more irrigation tended to have lower WUE (Fig. 5b) . Under the current [CO 2 ] (380 ppm), WUE was 8.4 kg ha -1 mm -1 for the NI scenario, 9.1 kg ha -1 mm -1 for the DI scenario, and 8.6 kg ha -1 mm -1 for the FI scenario. At 500 ppm, simulated WUE increased to 10.1, 10.5, and 9.7 kg ha -1 mm -1 for the NI, DI, and FI scenarios, respectively. At 600 ppm, WUE further increased to 11.5, 11.6, and 10.6 kg ha -1 mm -1 for the NI, DI, and FI scenarios, respectively.
Discussion
The long-term simulation of crop growth and development allowed us to study the effects of projected climate change on 0  0  380  6  2338  119  171  3301  233  199  4129  316  206  1  0  380  6  2330  121  160  3341  240  183  4200  330  183  2  0  380  6  2336  124  153  3390  250  169  4306  346  163  3  0  380  6  2359  130  149  3519  265  159  4559  373  149  0  -30%  380  6  1946  91  153  2986  201  195  4126  316  204  1  -30%  380  6  1923  93  145  3009  206  182  4196  330 500  6  2334  102  135  3701  235  153  4968  361  143  0  20%  500  7  3026  141  177  4012  246  197  4542  298  206  1  20%  500  7  3023  145  164  4058  257  177  4624  315  182  2  20%  500  7  3031  150  155  4108  270  162  4728  333  162  3  20%  500  7  3094  158  149  4245  288  149  4973  361  147  0  0  600  8  3205  124  168  4304  232  191  4876  285  203  1  0  600  8  3189  127  157  4353  244  172  4964  303  178  2  0  600  8  3183  132  148  4388  257  156  5066  323  159  3  0  600  8  3210  138  143  4509  275  145  5309  352  144  0  -30%  600  7  2780  96  152  4009  208  186  4875  285  199  1  -30%  600  7  2740  98  143  4044  217  170  4964  304  174  2  -30%  600  7  2723  101  137  4067  228  156  5065  324  155  3  -30%  600  7  2697  105  134  4159  242  146  5307  352  142  0  20%  600  7  3432  142  176  4452  244  194  4877  284  204  1  20%  600  8  3428  147  162  4501  256  173  4965  303  180  2  20%  600  8  3439  154  151  4552  271  157  5066  323  160  3  20%  600  7  3504  162  146  4676  290  144  5314  352  145 wheat production and water use for the subtropical environment of the Darling Downs, Queensland. We were also able to evaluate the impact of changing sowing dates and applying different irrigation management regimes as potential adaptation strategies for future climate change scenarios. Our results showed that both sowing date and irrigation practice influenced wheat yield and water use. Our simulations showed that higher temperatures did not reduce GY significantly, because clay soils are less susceptible to the effects of higher temperatures, since its negative effect in terms of reduced length of crop growing season is compensated by an increase in harvest index as demonstrated by Ludwig and Asseng (2006) . A reduction in rainfall of 30% caused a decline in GY, especially under the NI scenario and mildly under DI, whereas under FI it was unaffected. Under NI, a reduction in rainfall during the growing season limits top growth and the production of an adequate leaf area, and therefore causes biomass to be translocated later to the grains (Asseng and Van Herwaarden 2003) . This area of Queensland had an average growing season rainfall of 262 mm for the 50 years of weather data (Fig. 1) ; therefore, stored water before sowing is important because under non-irrigation, it is used by crops later in the season.
However, GY tended to decrease from early to later sowing dates, since later sowing dates moved the flowering period towards higher average temperatures, which negatively affected wheat crop yield. Crop phenology accelerated at higher temperatures, which reduced yield. Such acceleration caused smaller plants, shorter reproductive phase, and less radiation interception during the crop growing season (Hatfield et al. 2011) . Later planting dates moved the anthesis and grain-filling stages towards warmer temperatures with higher risk of water stress. In fact, for the first three sowing dates (1, 10, and 20 May) there were, on average, only three 'stress days', whereas for the last three sowing dates (1, 10, and 20 June) there were, on average, seven stress days (Tables 4-9) for the NI and DI scenarios. Water stress at flowering can severely reduce seed set or influence grain filling, causing low yield (Passioura 2006) . For the DI scenario, irrigation was applied around anthesis, but it is possible that the irrigation depth applied for the June sowing dates was not enough to meet crop water demand and avoid water stress at that sensitive stage. The FI scenario, on the other hand, was set to irrigate whenever the crop depleted 50% of the plant-available water content, and therefore, the crop was not stressed at any stage. The reduction in GY for the later sowing dates for this scenario was, therefore, mainly due to the shortening of growing season length. Our results showed that an increase in atmospheric [CO 2 ] from 380 to 600 ppm would increase wheat grain yields by 17%, 25%, and 37% for the FI, DI, and NI scenarios, respectively (Fig. 4a) . Kimball et al. (1992) suggested that higher [CO 2 ] would lead to partial stomatal closure, reducing transpiration and increasing leaf temperature. However, the increase in leaf temperature would then increase internal water vapour pressure, leading to an increase in transpiration, which would counterbalance the initial effect of increased [CO 2 ] on stomatal closure. These results agree with those of Ludwig and Asseng (2006) , who found a yield increase of 31% by increasing [CO 2 ] to 700 ppm in a waterlimited environment. Also, Reyenga et al. (1999) reported a grain yield increase of 26-37% under increased [CO 2 ] in south-east Queensland.
The decrease in ET at higher [CO 2 ] for the irrigated scenarios agrees with the findings of Andre and du Cloux (1993) , who found a reduction in wheat transpiration of 8% at double [CO 2 ], and with those of Boote et al. (1997) , who using a crop simulation model found that increased [CO 2 ] reduced ET by 6-8% for irrigated sites and 4% for rainfed sites. In our study, doubling [CO 2 ] decreased ET by 6% and 1% for the FI and DI scenarios, respectively, but slightly increased ET by 0.07% for the NI scenario. The slight increase for the NI scenario could be due to changes in the pattern and timing of crop water use as [CO 2 ] increased. This can be explained because once the stomata are closed as a result of depleted soil water, elevated [CO 2 ] has no effect on ET; and if soil water is limiting over the crop growing season, the total ET will not be affected (Kimball 2012) . Under deficit-irrigated conditions, the onset of crop stress as soil water content is depleted normally causes a decline in the rate of crop water use. Under such conditions, it has been suggested that the impact of high [CO 2 ] would be to increase soil water content (Hatfield et al. 2011) . Under the DI scenario, the timing and depth of irrigation applied influenced the water use under increasing [CO 2 ]. For this scenario, the crop experienced severe water stress during anthesis because the amount of water applied at that stage was not sufficient and affected the magnitude and pattern of crop water use. The implication of these findings is that, under increased [CO 2 ], the current timing of irrigation applications will need to be adjusted to avoid crop stress during anthesis, which could have a detrimental effect on crop yield. The slope of the relationship between GY and ET was 8.8 kg ha -1 mm -1 at 380 ppm and 11.1 kg ha -1 mm -1 at 600 ppm (Fig. 5a) . Therefore, increasing [CO 2 ] from 380 to 600 ppm increased the slope of the relationship by 26%. Figure 5b shows that increasing [CO 2 ] from 380 to 600 ppm increased WUE by 37% for the NI, by 27% for the DI, and by 23% for the FI scenario. These findings agree with results reported by Boote et al. (1997) and Allen et al. (2003) on soybean and wheat. For the DI and NI scenarios, the positive impact of increased [CO 2 ] on WUE was mostly due to an increase in crop yield, since the corresponding change in crop ET was quite small. For the FI scenario, on the other hand, the increase in WUE as [CO 2 ] increased was due to the combination of higher yield and lower ET. As has previously been suggested, increasing [CO 2 ] reduces crop stomatal conductance, decreasing ET and, consequently, conserving soil water. Wall et al. (2006) found that in wheat, such a mechanism enhanced yield, growth, and photosynthesis. In fully irrigated crops, however, Ottman et al. (2001) did not find such positive effects. Ritchie and Basso (2008) underlined the crucial role of agronomic management in increasing WUE. They showed that yield increase due to improved management will also lead to a higher WUE when water supply is not limited.
One limitation of this study is the implicit assumption that climate change would affect local variables (i.e. temperature and precipitation) simply by shifting the means of their distributions. The climate change approach adopted in this study (the difference between current and projected future climate is added to individual historical weather variables) is known as the 'Delta method' and is widely used in hydrological climate-impact studies (e.g. Markoff and Cullen 2008; Buytaert et al. 2009; Elsner et al. 2010; O'Leary et al. 2011) . Although basing future climate scenarios on historical climate is an approach that has been previously employed (O'Leary et al. 2011) , it is recognised that such an approach may not be entirely accurate. Future climate scenarios might have more variable rainfall and temperature, which would certainly affect crop production (Mearns et al. 1997) . However, there is little climate modelling consensus about the exact nature of such higher order, climate-variable changes. An alternative approach to simulate future climate in this study would have been to employ dynamical or a more 
Conclusions
This study highlighted the effects of possible future climate change on crop grain yield and water use in south-east Queensland. Sowing dates and irrigation practices influenced wheat yield and water use. Early sowing dates and targeted deficit irrigation when water is limited are two adaptation strategies for future climate change scenarios. Later sowing dates showed the lowest yield response due to an increase in consecutive days of water stress around anthesis.
